Introduction
In reactor-relevant divertor conditions, the unmitigated heat flux and particle fluxes onto the divertor are projected to be far above acceptable levels. It is thus important to develop mitigation techniques -such as increasing divertor radiation and the attainment of a stable 'detached' divertor condition [1] . Langmuir probes are an important tool in the study of divertor physics due to their ability to provide simultaneous measurements of plasma parameters at well-defined positions. However, under these high-heat flux conditions, traditional Langmuir probes set 'proud' of the divertor surface, with a field-line incidence angle > 10 °, easily melt ( Fig. 1 ) . Making the Langmuir probes flush with the surface of the divertor is effective at reducing the heat flux to the probe, they become nearly as robust as the divertor plates themselves under pulsed conditions. Typically, interpretation of the currentvoltage (I-V) characteristic for flush mounted probes become difficult due to complications from sheath-expansion effects [2] . Work has been done to improve interpretation of the measurements [3] [4] [5] [6] [7] [8] , but they often result in models with free fitting parameters. Toroidally elongating the probe has potential for reducing the effects of sheath expansion by optimizing the geometry [5] .
This idea was developed further at Alcator C-Mod, giving rise to a toroidally-elongated and field-aligned probe geometry, the results of which are discussed in this paper.
In addition, previous work at Alcator C-Mod has identified an artifact of Langmuir probes in high density divertor conditions at the onset of divertor detachment, known as the 'death-ray' [9] [10] [11] [12] . In these conditions, Langmuir probes report an electron plasma pressure a factor of 2 or greater than upstream values and sheath heat flux transmission coefficient values ( ∼2) much below the minimum of theory. This renders Langmuir probes unreliable for is the increased sheath thickness due to the negative probe bias.
divertor detachment studies. Preliminary results presented here indicate that 'death-rays' on the rail probes behave differently, which may provide insight on the underlying physics.
'Rail' probe design
The sheath thickness in front of a Langmuir probe changes with the applied voltage bias, V . A simplified model of the sheath [13] based on assumptions similar to the Child-Langmuir law approximates the sheath thickness, x s , to be:
Where λ D is the Debye length and T e is the electron temperature. As the probe is biased more negatively into ion saturation, the sheath thickness increases which increases the effective collection area of the probe projected along the magnetic field-lines, A P , as demonstrated in Fig. 2 . If unaccounted for, this results in a Langmuir probe I-V characteristic without a saturated ion current ( Fig. 3 ) . Other observed effects include positive floating potential measurements, and near equal electron to ion saturation currents [2] . From Fig. 2 , the relative error in the projected area due to sheath expansion is: (2) This can then be plotted as shown in Fig. 4 , with conditions typical for the Alcator C-Mod divertor ( V = −150 V, T e = 40 eV and To survive the heat flux, the incident angle should be made as small as possible. Yet, as can be seen in Fig. 4 , the relative error induced by small field-line incidence angles of less than 5 °can be mitigated by making the probe longer. This results in the toroidally elongated, field-aligned 'rail' probe design that was developed for Alcator C-Mod ( Fig. 5 ) . The probes are made of tungsten embedded in a tile made of TZM molybdenum. The probe electrodes are 1.5 mm wide and ∼64 mm long. To ensure that the rails were flush to the tile surface, the rail and tile faces were electrode discharge machined (EDM) after the probes had been assembled together. Electric isolation is maintained with a flame-sprayed ceramic coating.
Surface thermocouples and proud Langmuir probes
The rail probes are benchmarked with an array of traditional proud Langmuir probes and surface thermocouples located ∼140 °t oroidally away from the flush mounted probes [10] . The surface thermocouples are in tiles ramped 2 °into the toroidal field to prevent shadowing. The proud probes are located on tiles directly adjacent to the surface thermocouples (SFTC), extended 2 mm above the surface of the divertor module ( Fig. 6 ) . 
The 'death-ray' phenomenon
LaBombard et al. first observed the 'death-ray' on the Alcator C-Mod divertor Langmuir probe system when they noticed that divertor electron pressure was a factor of 2 greater than upstream measurements at the onset of divertor detachment [9] . Following further work by Brunner et al., the 'death-ray' was found to be an artifact of Langmuir probe interactions with the plasma. This was shown through a comparison of heat flux measurements between the proud probe system and the divertor surface thermocouples located adjacent to it. The Langmuir probes measured significantly higher heat flux during a 'death-ray' as compared with the surface thermocouples [12] . A proposed explanation for this phenomenon was that when a probe is negatively biased it rejects the electrons and therefore electron parallel heat conduction from the plasma flux tube to the probe surface is reduced. This insulating boundary condition results in the plasma just outside the Debye sheath of the Langmuir probe having a slight increase in electron temperature [14] . In high density ( n e > 2 × 10 20 m −3 ) and low temperature ( T e = 5-10 eV) regimes, in which charge-exchange momentum coupling between plasma and neutral species is efficient, there exists a toroidal flow of neutral particles around the divertor [9] . At these low temperature ranges, the ionization rate is very sensitive to temperature changes and Umansky [11] showed that the slight increase in electron temperature in front of the Langmuir probes is sufficient to create localized ionization of the flowing neutral population very close to the probe tip. Ionization of these neutrals results in a source of plasma ions that carries momentum directed to the electrode. This increases the plasma density measured by the Langmuir probe and thus the pressure and heat flux. Probe geometry is not factored into this model. Therefore, a Langmuir probe with a different electrode geometry such as the 'rail' probe should, in principle, still observe the 'death-ray' effect.
Results
The 'rail' probes survived the FY2015 campaign sustaining no damage or melting to the probes. This was a first for the Alcator C-Mod divertor Langmuir probe systems. Comparing the I-V characteristics of the proud and flush probes, for field-line incidence angles of > 0.5 °on the flush probes, the 'rail' probes successfully achieve the same level of ion current saturation as the proud probes. Shown in Fig. 7 are three comparisons of I-V characteristic.
The ρ coordinate is the radial position of the probe mapped along magnetic flux surfaces to the outer midplane, with ρ = 0 mm being the strike-point/last-closed flux surface.
At field-line incidence angles of < 0.5 °, the 'rail' probes begin to exhibit sheath expansion effects. The I-V characteristics shown in Fig. 3 were at ψ rail = 0 . 23 • , ψ proud = 10 . 3 • . This supports the theory that extending the probes reduces to manageable levels (but does not eliminate) the effects of sheath expansion. To reduce sheath expansion at even lower angles, the 'rail' would have to be extended even further, which was not practical for the current design. It would also collect a very large current ( > 5 A) under conditions with larger field-line angles.
In the far scrape of layer ( Fig. 7 c) the I-V characteristics almost overlay. However, near the strike point, the I-V characteristics diverge to different ion saturation current densities and have very different electron temperatures, T e , and floating potentials, V f . Furthermore, there appears to be larger amplitude fluctuations in the I-V characteristic nearer the strike point on the 'rail' probes as compared to the proud probes. The source of these fluctuations is of interest and further investigations are planned.
Based on an exponential fit to the I-V characteristics: Fig. 8 compares the derived quantities between the two Langmuir probe systems, showing the scrape-off layer profiles of the two systems. In addition, the calculated heat flux is also compared with heat flux measurements calculated from the divertor surface thermocouples. The sheath heat flux coefficient is calculated as detailed in [10] . Comparing the scrape-off layer profiles of the two systems, the 'rail' probes systematically measure a lower density but a higher temperature. Remarkably, the pressure profiles are identical for the two systems. The heat flux profiles are also very similar between the two systems, with the 'rail' probes registering a slightly higher peak heat flux due to the higher temperature. Attempts to use the surface thermocouples as an independent benchmark are inconclusive since the heat flux profile calculated from it falls halfway between the 'rail' and proud probes. Interestingly, this discrepancy does not appear to be correlated with the incident field-line angle. The lowest incident field-line angle is at ρ ∼ 4 mm, far from where the discrepancy in the profiles is the largest (near the strike point).
Another interesting observation is that where the discrepancy in the scrape-off layer profiles is the greatest, the 'rail' probes measure significantly more negative floating potentials. A commonly observed effect of sheath expansion is a near zero or positive floating potential [2] , which is the opposite direction of the observed difference. So this suggest that this discrepancy between the two divertor Langmuir probes systems is not due to sheath expansion and is instead due to other probe/plasma physics phenomenon. Re- 
• . The 'rail' probe profile has been shifted 0.4 mm in ρ space to align the peaks in the profile. This is within the uncertainty of the EFIT magnetic reconstruction.
solving the origin(s) of this non-sheath expansion related discrepancy would be an important step in improving interpretation. In any case, these preliminary results suggest that the 'rail' probes have successfully mitigated the effects of sheath expansion.
Inconsistent 'death-ray' results
Preliminary measurements seem to indicate that the 'death-ray' phenomenon is different on the 'rail' probes as compared to proud probes. Shown in Fig. 9 is the heat flux scrape-off layer profile measured with the three divertor diagnostic systems. The proud Langmuir probes are measuring significantly higher heat flux values than the surface thermocouples. In contrast, the 'rail' probes yield measurements of the heat flux near identical to the surface thermocouples. This might be in part due to the discrepancies discussed in Section 5 . Where the unaccounted plasma-probe interactions interfere with the 'death-ray', resulting in this unique phenomenon only exhibiting in certain regimes. 
Conclusion
Flush-mounted 'rail' probes were installed on Alcator C-Mod and survived the 2015 experimental campaign sustaining no damage, a first for C-Mod's divertor Langmuir probe systems. Furthermore, the 'rail' probes are promising as evidence suggest that the toroidally-extended, field-aligned probe geometry successfully mitigates the effects of sheath expansion to incident field-line angles of 0.5 °. However, the 'rail' probes measure lower density, higher temperature, more negative floating potentials, and exhibit higher amplitude fluctuations near the strike point when compared with traditional proud Langmuir probes. While the pressure profile is identical for the two systems. These discrepancies point to yet unidentified difference(s) between proud and flush probes beyond sheath expansion. In addition, evidence suggest that the 'death-ray' phenomenon is different on the 'rail' probes as compared to the traditional proud probes which may provide further insight into this unique plasma-probe phenomenon. We find the 'rail' probes to be very robust and would recommend them as an option in a reactor relevant divertor environment. However, at this time the proper interpretation of their I-V characteristic remains to be determined and is the subject of future work.
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